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Abstract: In the present study, the carbohydrate-binding module (CBM) coding sequences of the cellulosomes of 13 thermophilic,
cellulolytic, anaerobic, ethanol-producing bacterial isolates having some variations in their growth and cellulose degradation capacities
were amplified by PCR and then sequenced. The sequence analysis of the amplicons revealed that CBMs of 7 of the isolates including
the isolate 7-9-1 with the highest capacity of cellulose degradation in solid medium have 100% identity in both nucleotide and amino
acid sequences to CipB of Clostridium thermocellum in the compared regions. On the other hand, CBM of the isolate 7-1-2, also
having a high cellulolytic activity, was found to differ for as much as 66 amino acid residues out of 100 (66%). The isolate 7-9-4
with a relatively low cellulose-degrading capacity also displayed amino acid variation for this protein, but only for 4 out of 118
residues.
Key Words: Cellulose degradation, carbohydrate-binding modules, thermophilic and cellulolytic bacteria, Clostridium thermocellum

Çeflitli Selülolitik, Termofilik, Anaerobik, Etanol Üreticisi ‹zolatlarda
Karbonhidrat Ba¤lanma Modüllerinin Birincil Yap›lar›
Özet: Bu çal›flmada üreme ve selüloz kullan›m kapasiteleri bak›m›ndan baz› farkl›l›klar gösteren 13 ayr› termofilik, selülolitik,
anaerobik, etanol üreticisi bakteri izolat›n›n selülozomlar›n›n CBM kodlayan bölgeleri PCR ile ço¤alt›lm›fl ve DNA dizileri saptanm›flt›r.
Amplikonlar›n k›yaslanan bölgelerinin DNA dizi analizleri, kat› besiyerinde en yüksek selüloz kullan›m kapasitesine sahip 7-9-1 suflunu
da içeren 7 izolata ait CBM nükleotid ve amino asit dizilerinin Clostridium thermocellum'a ait CipB ile % 100 benzerli¤e sahip
olduklar›n› ortaya ç›karm›flt›r. Di¤er yandan, yine yüksek selüloz kullan›m kapasitesine sahip bir izolat olan 7-1-2 ‘ye ait CBM, 100
amino asitten 66’s›nda (%66) farkl›l›k göstermifltir. Düflük selüloz kullan›m kapasitesine sahip bir izolat olan 7-9-4 suflunda ise 118
amino asitten yaln›zca 4’ünün farkl› oldu¤u görülmüfltür.
Anahtar Sözcükler: Selüloz parçalanmas›, Karbonhidrat ba¤lanma modülleri, Termofilik ve selülozik bakteriler, Clostridium
thermocellum

Introduction
Cellulosomes are multi-enzyme extracellular
complexes,
produced
by
various
anaerobic
microorganisms for the efficient degradation of plant cell
wall polysaccharides (1-4). It is well established that the
removal of the carbohydrate binding module (CBM) has
little influence on the activity of cellulases towards soluble
substrates, while their binding and activity towards
insoluble cellulose are clearly decreased (5-11). During
the exponential phase of bacterial growth, the
cellulosomes are primarily found attached to the cell
surface. As the cells enter their stationary phase, a large
percentage of these complexes are released into the
medium (12).

Major impediments to exploiting the commercial
potential of cellulases are the yield, stability, specificity
and the cost of cellulase production. Therefore, future
research should focus on producing high yields of
thermostable, alkaline and acidic cellulases with broad
substrate specificity and improved catalytic efficiency,
using low cost media and fermentation techniques (13).
Deeper understanding of the role and function of the
CBMs is likely to have a major impact in the future
biotechnological value of cellulolytic enzymes. In the
application of cellulases better understanding and control
of CBM adsorption could lead to a technical breakthrough required for economical feasibility (14). In our
previous work, we characterized various cellulolytic,
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thermophilic, anaerobic ethanol-producing isolates with
respect to their colony morphologies, fermentation end
products, and cellulose degradation capacities (22). In
this study, the primary structures of the CBMs of these
natural isolates were determined and compared to find
out any possible divergence in the structure of the CBMs
making cellulose available to the catalytic domains of
cellulase enzyme systems.

Materials and Methods
Strains and Growth Conditions: Environmental
isolates were from Hanover, NH, USA. These isolates and
the standard strain Clostridium thermocellum ATCC
27405 were grown in Russian Medium (15) with 0.5%
cellulose (Avicel) as the carbon source in an anaerobic
chamber with an atmosphere of CO2/N2/H2
(10%/85%/5%) at 55 ºC. The ethanol-producing,
anaerobic, thermophilic and cellulolytic local isolates listed
in the Table were kindly provided by Prof. Dr. Lee R.
Lynd (Dartmouth College, USA).
Genomic DNA Isolation: Cells were grown until they
reached mid-log phase and their genomic DNA was
isolated by the procedure described by Hintermann (16).
Primer Design and PCR Conditions: Two sets of
primers were used for the amplification of cbm genes of
the isolates. The first set of primers, namely CBMF and
CBMR, were those previously designed by Morag et al.
(17) for the cipB gene of C. thermocellum. The other
primer set, CBMCF and CBMCR, were designed in this
study according to the sequence of the conserved regions
of the cipB gene of C. thermocellum and the cbpA gene of
C. cellulovorans (Figure 1). The sequences of the primer
pairs were 5’ AACACACCGGCAAATACACCGGTATC 3’, 5’
CGTATGTTGATGGTACTACA CTGCCA 3’, 5’
TGAATTCTACAACAGCAATCCTTCA 3’, 5’ ATTTGACTGT
GTATAGTTACTCCAGTC 3’ for CBMF, CBMR, CBMCF and
CBMCR, respectively. The designed primers were
synthesized by the company Iontek (Bursa, Turkey).
Genomic DNA isolated from the cellulolytic isolates was
used as the template in PCR reactions. PCR reaction
mixtures contained 14.5 ml d H2O, 2 ml 10 x PCR Mg+2
buffer, 50 pmoles of each primers, 1.0 ml of 1 mM
dNTPs, 0.5 mg genomic DNA and 3 Units Taq
polymerase. Reactions were carried out as 30-60 cycles:
1 min at 94 ºC, 1 min at 72 ºC and 1 min at 52 ºC The
first cycle of the PCR was performed as 4 min at 94 ºC,
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1 min at 52 ºC and 1 min at 72 ºC, and last cycle was
performed as 1 min at 94 ºC, 1 min at 52 ºC and 4 min
at 72 ºC After separation of PCR products in a gel of
0.9% agarose prepared in TAE buffer, amplicons was
purified from the gel according to the DNA Extraction Kit
instructions (MBI Fermentas).
DNA Sequencing: Reactions were carried out by the
chain termination method with dye-labelled dideoxy
terminators of Thermo Sequenase II Dye Terminator
Cycle Sequencing Kit (Amersham) in MET‹S Laboratories
(Ankara, Turkey). The DNA sequences and amino acid
sequences deduced from open reading frames (ORFs)
were compared with sequences in the GenBank database
using BLAST (18).

Results
The CBM gene sequences of 13 isolates were
amplified by PCR. The use of CBMCF and CBMCR primers
designed for the conserved regions of the CBMs of
cellulose integrating protein of C. thermocellum (CipB)
and C. cellulovorans (CbpA) and the CBMF and CBMR
primers specific for CipB of C. thermocellum (Figure 1)
resulted in the amplification of the fragments of expected
sizes, 396 and 500 bp, respectively, from most of the
isolates.
While 9 strains out of 13 gave the expected 500 bp
PCR product with the primers CBMF and CBMR (Figure
2), 11 of the isolates showed the expected 396 bp PCR
product with CBMCF and CBMDR primers (Figure 3).
Colony size of the isolates, their cellulose degradation
capacities in both liquid and solid media and presence or
absence of PCR products are all documented (Table).
The isolates that gave no expected amplification with
either CBM or CBMC primer pairs were 7-10-1 and 7-121. The expected 500 bp amplicon could not been obtained
from the isolates 7-7-10 and 7-1-2 with the primers
specific for the cipB gene of C. thermocellum. However,
with the use of the primers corresponding to the
conserved regions of both cipB and cbpA genes, we
detected 396 bp PCR products for these strains. The rest
of the isolates amplified a product of the expected size
with both sets of the primers corresponding to
carbohydrate-binding modules. Thus, the amplicons from
a total of 11 isolates were analyzed for their nucleotide
sequences. 396 bp PCR products for the strains 7-7-10
and 7-10-4, and 500 bp PCR products for the strains 1-
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CBMC F

1

ATTSMS----VEFYNSNKSAQTNSITPIIKITNTSDSDLN

Cbp A

1

ANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAID

Cip B

CBM F

37

LNDVKVRYYYTSDGTQGQTFWCDHAGALLGN-SYVDNTSK

Cbp A

41

LSKLTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSN

Cip B

76

VKET----ASPTSTYDTYVEFGFASGRATLKKGQFITIQG

Cbp A

81

VKGTFVKMSSSTNNADTYLEISFTGG--TLEPGAHVQIQG

Cip B

CBM CR

112

RITKSDWSNYTQTNDYSFQASSSTPVVNPKVTGYIGGAKV

Cbp A

119

RFAKNDWSNYTQSNDYSFKSRSQF-VEWDQVTAYLNGVLV

Cip B

152

LGTAPGPDVPSSII

Cbp A

158

GGKEPG----GSVV

Cip B

CBM R

Figure 1. Similarity between the aligned CBM modules of C. thermocellum (CipB) (Gene Bank Acc no: X68233) and
C. cellulovorans (CbpA) (Gene Bank Acc no: M73817.) Primer regions are shown in boxes with arrows.
Identical amino acids are shown in black boxes.

1

2 3 4 5 6 7 8

9 10 11 12 13 14 15 16

500 bp

Figure 2. The PCR products obtained using the primers (CBMF and CBMR) specific for the cipB
gene of C. thermocellum ATCC 27405. Lane 1: Negative control, 2: C. thermocellum
ATCC 27405 (positive control) 3: 1-1-1, 4: 2-12-1, 5: 6-3-2, 6: 7-1-2, 7: 7-7-10, 8:
7-8-3, 9: 7-9-1, 10: marker (Lambda Pst I digest) 11:7-9-4, 12: 7-10-1, 13: 7-104, 14: 7-12-1, 15: 11-8-1, 16: 12-8-1.
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1 2 3

4

5

6 7 8 9 10 11 12 13 14 15 16

396 bp

Figure 3. The PCR products obtained using the primers (CBMCF and CBMCR) designed for the
conserved regions of CBMs. Lane 1: Negative control, 2: C. thermocellum ATCC
27405 (Positive control) 3: 1-1-1, 4: 2-12-1, 5: 6-3-2, 6: 7-1-2, 7: 7-7-10, 8: 7-83, 9: 7-9-1,10: marker (Lambda Pst I digest) 11:7-9-4, 12: 7-10-1, 13: 7-12-1, 14:
7-10-4, 15: 11-8-1, 16: 12-8-1.

Table. A comparison for cellulose degradation capacities, colony size and PCR amplification of CBMs of cellulase genes of natural isolates.

Strains

C. thermocellum ATCC 27405 (Control)

Clearing zone
(diameter and colony
size (both in mm) in
solid culture*

Cellulose
hydrolyzed
(g/l) in liquid
culture*

Presence of PCR
product for
primers CBMC
(Figure 3)

Presence of
PCR product for
primers CBM
(Figure 2)

5, 1.6

10.05 ± 0.36

+

+

1-1-1

1, 0.2

9.20 ± 0.75

+

+

2-12-1

1.1, 0.5

5.08 ± 0.45

+

+

6-3-2

1, 0.1

7.77 ± 0.63

+

+

7-1-2

2.8, 0.8

8.55 ± 0.21

+ (faint)

-

7-7-10

0.5, 0.1

8.39 ± 0.38

+

-

7-8-3

1.1, 0.3

7.36 ± 0.26

+

+

7-9-1

3.1, 0.5

8.75 ± 0.75

+

+ (faint)

7-9-4

0.6, 0.1

7.58 ± 0.61

+

+

7-10-1

0.5, 0.1

9.11 ± 0.74

-

-

7-10-4

1, 0.4

8.97 ± 0.40

+

+

7-12-1

0.5, 0.2

9.07 ± 0.92

-

-

11-8-1

0.5, 0.1

8.81 ± 0.39

+

+

12-8-1

No zone

4.56 ± 0.55

+ (faint)

+ (faint)

* from Ozkan et al. 2001

1-1, 2-12-1, 6-3-2, 7-8-3, 7-9-1, 7-7-10, 7-10-4, 11-81 and 12-8-1 were sequenced. The nucleotide sequences
were determined for 9 of these (the sequence data being
missing for 6-3-2 and 7-8-3) and the deduced amino acid
sequences were compared to those of C. thermocellum
and C. cellulovorans (Figure 4). We detected an identity of
100% in the compared sequences of the CBMs in most of

48

the isolates, namely 1-1-1, 2-12-1, 7-9-1, 7-7-10, 7-104, 11-8-1, 12-8-1 and the standard strain C.
thermocellum ATCC 27405. The most striking variation
was seen with the isolate 7-1-2 in which 66 residues out
of 100 were different. It should be noted that 7-1-2 is 1
of the 2 isolates having the highest cellulolytic capacity in
solid medium amongst the others. Another isolate that
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Q
1-1-1
2-12-1
7-1-2
7-7-10
7-9-1
7-9-4
7-10-4
11-8-1
12-8-1
CbpA
CipB

LKVEFYN SN PS DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
LKVEFYN SN PS DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
KVEFYN SN PS DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
SRR T NWINLLYVKVFLGS VIDLHHN LRYHYQARGQPLILAVNRRISEAQELKGKF
VTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
PSNIPSRADTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
LSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
LKVEFYN SN PS DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
PQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY
MSVEFYN SN KS AQTNSITPIIKITNTSDSDLNLNDVKVRYYYTSDGTQGQTFWCDHAGALLGSNNSY
LKVEFYN SN PS DTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHA AIIGSNGSY

Q
1-1-1
2-12-1
7-1-2
7-7-10
7-9-1
7-9-4
7-10-4
11-8-1
12-8-1
CbpA
CipB

NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQSNDY
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQSNDY
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TL
IENESPETFATNNNSNS NQSWTYIEKGRFT
ESDVYWN
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQSN
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQS
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYT
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAK
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYT
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQSN
VDNTSKVKETASF----TST—DTYVEFG FASGRATLKKGQFITIQGRLTKSDWSNYTQTNDYSFDASSSTPV
NGITSNVKGTFVKMSSSTNNADTYLEIS FTGG TLEPGAHVQIQGRFAKNDWSNYTQSNDYSFKSRSQ FV

Figure 4. Comparison of the amino acid sequences of CBMs in the natural isolates, C. thermocellum ATCC
27405 (CipB) and C. cellulovorans (CbpA). Q: merge of query sequences. The residues that are
underlined and written in bold point to the identical amino acids in CipB and CbpA proteins.
Residues of CBM of natural isolates colored gray point to the amino acids that differ from those
of CipB.

displayed amino acid variations was 7-9-4, which differed
for only 4 amino acids out of 118 and the difference
involved additional proline, isoleucine, arginine and alanine
that reside near the N-terminal of its CBP. This isolate had
a poor cellulolytic degradation capacity.

Discussion and Conclusion
The stacking interactions between a linear strip of
aromatic residues on the plane of the CBM surface and
the glucose rings along one of the cellulose chains are
considered the major factor in the recognition and strong
binding (19). The putative cellulose binding residues on
the planar aromatic strip of the CBM are facilitated by a
group of 5 additional residues that are considered to
serve to anchor the surface of the CBM to 2 additional
chains of the substrate (20). These findings were
supported by the study by Kataeva et al. (21) in that
when the aromatic residues (W 56, W 94, Y 111, Y 136)
in highly conserved regions were mutated to Ala, the
mutant strains lost the ability to bind cellulose.
In this study, amino acid sequences of CBMs of 9
thermophilic, anaerobic and cellulolytic isolates were

compared to those of C. thermocellum and C.
cellulovorans. The isolates 7-10-1 and 7-12-1, which
previously appeared to be phylogenetically distant to C.
thermocellum (22) (based on 16S rRNA and Ack/Pta gene
analyses), did not yield any amplicons with either set of
primers. The CBMs from most of the isolates showed
100% identity to that of C. thermocellum ATCC 27405,
indicating that they all belong to the same cluster [Cluster
E of anaerobic thermophiles to which C. thermocellum
belongs (23)]. The deduced amino acid sequence of the
putative CBM of the isolate 7-1-2 showed only 34%
identity to the amino acid sequence of the CipB of C.
thermocellum; it was therefore compared to other
sequences available in databases (BLAST search).
However, no significant homology to known scaffolds
was found. It is worth noting that this spore-forming
isolate had shown the expected 409-bp band with 16S
rRNA primers specific to C. thermocellum (22). In order
to exclude the possibility of a nonspecific PCR
amplification from this isolate or any other kind of
artifact, further studies involving heterologous expression
of the respective gene and verification of binding to
cellulose are required. As for the isolate 7-9-4, which had
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a poor cellulolytic capacity and a CBM sequence differing
for only 4 amino acids out of 118 from C. thermocellum
CipB, the role of these amino acid differences, if any, in
cellulose binding capacity also remains to be determined
via site-directed mutagenesis.
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